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ABSTRACT 

Gaseous fuels produced from cool resources have 
been considered for use in induatrial gas turbines. 
Such fuels generally have heating values much lower 
than the typical gaseous fuel, natural gas; the low 
heating value could result in unstable or inefficient 
combustion. Additionally, coal gas fuels may contain 
ammonia which if oxidized in an uncontrolled manner 
could result in unacceptable NO,^ exhaust emission 
levels. Previous investigations liave indicated that 
staged, rich-lean combustion represents a desirable 
approach to achieve stable, offlciont, low NO,^ 
omission operation for coal-dnrived liquid fuels 
containing up to 0.8-wt pet nitrogen. An experimen- 
tal program has boon conducted to determine whether 
this fuel tolernnce can bo extended to include coal- 
derived gaseous fuels. The results of tests with 
three nitrogen-free fuels having heating values of 
lOO, 250, and 350 Btu/sef and a 250 Btu/sef heating 
value doped to contain 0,7 pet ammonia are presented. 

NOMENCLATURE 

EHV - Enhanced heating value fuel (3A9 Btu/SCF) 

f/a - Overall fuel-air ratio 

K15 - Factor to correct emissions to 151 

oxygen in exhaust 

LHV - Low heating value fuel (103 Btu/SCF) 

MHV - Medium heating value fuel (258 Btu/SCF) 
MllV-FN - MHV fuel containing fuel-bound nitrogen 
T/C - Typo B thermocouple 

- Primary zone equivalence ratio 

r 

INTRODUCTION 

Coal represents an abundant energy resource 
in the United States. Currently, technology is 
being developed to optimize the manner in which 
this fuel will bo utilized. Several alternatives 
exist Including combusting the solid fuel in 
furnaces, liquefying or gasifying the coal for 
use in furnaces or gas turbine combustors, or 
some combination of these strotogies. Selection 
of the most desirable approach will depend on 
many factors, one of which will likely bo the 


environmental impact of the fuel combustion 
process. Of particular concern will bo the level 
of undesirable combustor exhaust omiaslona, 
including nitric oxides (NO,^), carbon monoxide 
(CO), and smoke. 

Coal-derived fuels can represent a signifi- 
cant challenge to attempts to control these 
species, Coal-derived fuels can be hydrogen 
deficient, promoting increased smoke emissions, 
and can contain levels of nitrogen which, if 
fully oxidized, will result in unacceptable NO^ 
levels. Fuels produced by a coal gasification 
process would bo deficient in volumetric heating 
value, possessing energy densities from 10 to 35% 
of the heating value of natural gas. Combustor 
stability and efficiency may be affected by 
utilizing this product. Additionally, the 
gaseous fuel may contain ammonia (its presence is 
dependent on tlie fuel cleanup process employed) 
which could be oxidized to undesirable levels of 
N0j(. Recent tost results (1) with a staged, 
rich/ loan combustor have indicated a considerable 
tolerance for variation in the liquid fuel 
properties while retaining a low exhaust emission 
characteristic. In this combustor, the fuel is 
first partially-oxidized in a fuel-rich chamber 
which favors the conversion of fuel nitrogen to 
molecular nitrogen rather than NO^. The balance 
of the total airflow is rapidly mixed in a quench 
sc'tion with the rich chamber effluent. Rapid 
ni)' g of the secondary air (quench air) and rich 
C'c’ •T gases is necessary to avoid long flow 

nee times for near-stoichioraotric mixtures 
and, consequently, to avoid significant formation 
of NO,^ by a thermal fixation mechanism. The 
mixture is subsequently fully oxidized in a 
fuel-lean combustor designed to permit consumption 
of residual hydrocarbons and CO. Such a rich-leon 
combustor has demonstrated the ability to achieve 
stable, efficient, low-smoko combustion with 
distillate fuels with hydrogen content down to 9% 
(wt), while restricting NOj^ emissions to AO ppm 
despite fuel nitrogen levels up to 0.8% (wt). 

The program objective was to determine if 
this fuel tolerance could be extended to include 
coal gas fuels. 

Pour tost fuels were investigated Including 
three non-nitrogon-bearing gas mixtures with 
higher heating values of 8A, 210, and 284 kJ/mol 
(95, 238 and 322 Btu/sef), nnd a 210 kJ/mol 
heating value fuel doped with ammonia to produce 
a fuel nitrogen content of 0.5% (wt). The tests 
were performed at four conditions representative 
of industrial gas turbine operating conditions. 

TEST APPARATUS 

The test apparatus is shown schematically in 
Figure 1. The rig consisted of an air inlet 
section, a model rich/loan combustor nnd an 
exhaust section. Air was supplied to the test 
cell at flow rates up to 1.8 kg/s at pressures up 
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Fig. 1 Synthrl ic (urt ro«ibu*tor rig 

tu A.O HFa. An •lattrical raaiat anva-l yp« haatar 
capabla o( haating air(l><wi in aicata >>( 1.8 bg/a 
to b44*g wai usad; laaaar airfl.wa ci>uld ba 
baalad to higbar taaiparaturaa (a.g,, l.l kg/a 
haatad to 8Il*g). Tha airflow which aaitad 
tha haatar waa dividad into a priaMry airfltw, 
wlitch fad tha rich-ataga roabuator, and a aacond* 
ary airflow witivh waa injactad through tha 
Ciiabuator quanch aaction. Varial iona in tha 
pr i>ary*aacondary airflow apt it wara achiavad by 
actuating a pnauaatir control vatva locatad in 
tha priaiary air lina; a high taaparatura gata 
vatva locatad in tha aacondary air lina providad 
tha aupply ayalaa praaaura drop nacaaaary for 
control. A calibratad vanturi waa locatad in tha 
ptiaMry lina to aatar tha priaury airflow and 
hanca parait calculation of tha rich c>aR>uator 
aquivalanca ratio. Tha aacondary airflow rata 
waa calculatad aa tha diffaranca of tha total und 
tha priaary airflow rataa. 

Tha ah>da I c>«abuator uaad in thia atudy 
conaiatad of four coaponanta (Figura 2): 

Fual praparation aact ion 
Fual-rich coabuation aact ion 
Air quanch aaction 
Fual-laan coabuat ion aaction 



FUCL-mCH COMBUSTOR 


TORCH KINITOR 


SWIRIFR 


fUH I FAN COMBUSTOR 


Fig, 2 Siibacala rich-taan ciwabuator hardwara 

chaabar. Tha davica uaad waa a 2.M-ca diaaatar 
cloaad-and tuba containing aight aqual ly-apacad 
holaa around tha tuba c i rcuaf aranca at tha cloaad 
and and nina aaall holaa in tha and cap (Figura 
3). Tha total injact ion araa waa apacifiad to 

2 5-cm(i0tn) 

PIAMETfR BODY \ 



\ 

' DIRECT injection 
\ HOtES 


'' END CAP coot INOMOIES 


Tha fual praparation aaction conaiatad of a 
aingla fual in)actor which waa cant rally aountad 
in an annular, vana-typa awirlar. Tha 3.08-ca 
diaaatar awirlar waa conatructad froa IB aqually- 
apacad vanaa oriantad at a 43* angla to tha 
coabuctor aaia; it waa racaaaad approiiaataly 
3.03 ca froa tha rich chaad>ar inlat. 

A diract injact ion tachniqua waa uaad in 
thia prograa. No attaapt waa aada to praaia tha 
fual with air prior to injact ion into tha coabua- 
tor. gathar, tha gaaaoua fual waa injactad froa 
a aiapla n«>aala diract ly into tha rich coadiuation 


Fig. 3 Caaaoua fual injactor 

achiava a daairad praaaura drop; tha and cap opan 
araa waa aat to paaa lOt of tha fual flow to both 
cool tha cap and bl.iw off rac irculat ing flow 
ragiona which sight contribute to tha atabiliaa- 
tion of flaav at tha injactor faca. Coabuator 
ahakadown taata wara conducted uaing a propana/ 
nitrogen aiitura having a heating value of 263 
kJ/sol. Thaaa taata indicated that atabla 
coabuation waa not achiavad under certain condi- 
liona due to what appeared to ba faad-ayataa- 
couplad flow inat abi I i t iaa . A high praaaura-drop 
injactor (approaiaataly 0.93 MPa at tha baaaload 
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ImI flow) allvviata^ thia condition t« a larga 
dagraa. Bavafl far tha ana inalanca notad 
haraaftar, tha ragartad data wara acgulrad with 
tnjactara which itgaratad with thia graaaura~drag 
laval. At tha and af tha aagariaantal pragran, 
an addilianal taat wat parfaraad ta dataraina 
whathar a lataar injactar praaaura drag would ha 
accagtabla far uaa with tha CO/N 2 /CO 2 gaa 
•latura (which wat aagactad to gravida graatar 
atability than tha gragana-nit rogan gaa uaad whan 
burnar inatability wat obaarvad). Tha ratuitt 
(taction III) indicatad that atabla coidbutt ion 
could ba auatainad far an injactar praaaura drag 
at law at l.A kPa. Tkia diffarant injactara wara 
uaad in tha taat gragraai. Far tha awdiuai and 
anhancad haat ing valua (uala, 0,2A*ca diaawtar 
injactian holat wara tgacifiad. For tha low 
haat ing (ual, which raquirad canaidarably graatar 
■aaa tli>w rataa, O.Ab-ca diaaMtar injactian holaa 
wara agacifiad. Bach (ual injactor wat locatad 
in tha rich caaihuatian chaaibar auch that tha 
injactian glana wat 7.62 ca dawnatraaa (rua tha 
twirlar. 


Tha (ual-rich caabuatian chaahar wat a 
l2.7-ca diaaatar cylindrical aactian, )0.2-ca 
long, with ).0-ca long conical aactiona at bath 
tha inlat and aait (Figura 6). Tha total valuaa 
af thia chaahar waa 4^40 ca^; tha turfaca araa 



FUtL I 

PRfPARATlON 


RICH BURN 



QUENCH 


LEAN BURN 


AU DIME NSIONS IN Ci NTIMI T( RS 

Fig. 4 Siihacala rich-laan nvahutlor configurat iiwi 

waa 1616 ca^. Tha antira chaad>ar wat doubla- 
jackatad ta allow a noainal I.M-l/t watar 
coolant (li<w rata. An H^/Oj torch waa 
incargoratad far uaa at an ignitar. Tha quanch 
taction wat a 7.62-cai diaaw>tar cylindrical 
aactian, 7.62*c* long, rontaining tight gaira of 
alatt through which tha tacondary airflow waa 
adnittad (Figura 5). Tha fual-laan coabut lor 
canaialad af a 26.4-ca long conical diffuaar 
lallt<««ad by a l2,7-ca diaaatar cylindrical 
aactian. Tha ovarall langth (nai tha quanch 
aactian tail ta tha aahauat aaaauraawnt glana waa 
4). 7 ca. Tha laan coabuatar wat alto doubla- 
jackaladi tha watar coolant uaad far tha rich 
burnar wat roulad in tariaa (athian to tha 
laan burnar. 
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INJECTION 
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Fig. ^ Quanch aactian af aubacala ccaabuator 

Tha aahauat aactian canlainad two iagortant 
cot^lonanla: a viawgarl, and a back grataura 

valva. Tha viawport containad a 7.62-cn diaaatar 
quart a windtiw which grovidad diraci obaarvation 
af tha oMibualai aait glana via an avai labia 
c loaad-c ircuit talaviaion tyalaai. Tha vidao 
iaaga waa aa<nitarad in tha control riMwa and 
racordad with an audio track ta gravida a ganaa- 
nant racord of tha taat aaquanca. A rataitaly- 
agaratad back graatura valva wat uaad to control 
tha taat taction praaaura. A high grataura watar 
quanch wat uaad to raduca (ha gat tangaraturaa 
ugatiaaai of tha valva to lata than 700*R. 

TBST FVKLS AND Fl'Bl. DBLIVERY SVSTKKS 

Tha four taat fualt uaad In thia invaatiga- 
tian ara agacifiad in Tabla 1. Tha •iatuiaa 
ranging in highar haat ing valua (rani MB. 2 to 309 
kJ/aw'l ara ragiaaant at i va af tha groduclt af coal 
gaaification grcHaaaat. Tha baaalina (ual wat a 
40t CO/401 Hj/TUt OO 2 (val) aiialura tuggliad 
by a vandor in a aailt igla-luba trailar. Analytaa 
of tha dalivatad aiiatura indicatad that (ha 
daviatian froai tha abova noaiinal valuaa waa lata 
than 2 garcantaga gointa. Thia aiatura had a 
highar haat ing valua of 227 kJ/aail and wat 
rafarrad ta at tha awdiun haating valua (NHV) 
(ual. It ragraaantad tha haating valua (roa an 
oaygan-blown gaaifiar auch at a Taaaco gaaifiar 
(aaa Tabla I far typical gat coagoait iora). Tha 
athar thraa fualt wara gvagarad by aiaing an 
additional coagonant ta tha baaalina (ual. 
Nitrogan waa addad to tha baaalina (ual (a 
groduca a low haating valua '.LHV) (ual with a 
haating valua of 91 kJ/aa>l. Thia product it 
typical af that groducad by air-blown gaaifiara. 
Frogana wat blandad with tha baaalina (ual to 
groduca an anhancad haating valua (EHV) (ual with 
a haating valua af lOH kJ/aa>la. Tha addition of 
a hydrcH'arbon raaultad in a haating valua ragra- 
aantativa of tha highar haating valua product 






from an oxygon-blown moving-bod lURGl gaalfior 
(«oo Table 1 for typical gaa compos it Iona). The 
major hydrocarbon const ituont in this typo 
gasifier product gas ia methane, Propane was 
used in those tests because of its availability 
at the tost stand, Aroiaonia was added to the 
baseline fuel at a level sufficient to produce a 
fuel nitrogen content of 0.5S by weight, Ammonia 
is a potential gasifier product, depending on the 
gaa cleanup system employed. The level of 
conversion of ammonia to NOj^ exhaust emissions 
was docuBiented by testa with this medium heating 
value - fuel nitrogen (HllV-FN) fuel. 

The fuel mixtures wore prepared on-line 
using a system in which each component was 
individually metered and regulated, Actuation of 
the proper subsystems resulted in the desired 
teat fuel. All mixtures passed through a 
0.68 MPa saluraled steam heat exchanger to 
elevate the fuel tempornturo to approximately 
A33'K. Combustors which are closely coupled to 
coal gasifiers will receive heated fuel, the 
level of heating depends on the fuel cleanup 
technique {temperature) and energy recovery 
I regenerative heat oitchango) in the system. The 
433’K level used in the present program reflected 
a facility limit for tlio required fuel flowrates 


INSTRUMENTATION 

Thj tost apparatus was instrumented in 
accordance with standard practices; details are 
published in Kef. 2. The total airflow was 
metered using a calibrated venturi located 
upstream of the air heater; the venturi was aiaed 
to operate in the choked mode for all tost 
conditions. The primary airflow was metered by 
another ralibrated venturi; this venturi operated 
with prosaure ratios between 0,55 and 0.75, The 
flowrates of the baseline fuel, nitrogen and 
aiwnonla were motored by vonturia; propane flowrate 
was determined using a calibrated turbine meter. 
Pressures and lomporatures wore measured at 
various locations by use of pressure transducers 
and thermocouples having appropriate calibration 
ranges. TI»o combustor exit conditions wore 
documented by use of a five-port ganged sampling 
probe, a throe-point thonnocouple rake, and a 
smoke probe {Figure 6). 

The water-cooled sampling probe spanned tl>e 
combustor diameter, am) contained five, 0,86-cra 
dinnwtor inlet orifices, The probe was designed 
to achieve an aerodynamic quick-quench of the 
captured streams In order to minimise chemical 
roacLion within the probe. The captured sample 
was transferred through an electrically-heated 
sample line to an emissions analysis system 
capable of continuously monitoring the omissions 


TABLE 1. COAL GAS TEST FUELS 



Commercial Gasifiers 
Typical Composition 


UTC 

Simulation 


Composition 
(vol %) 

TEXACO 

LURGI 

MHV 

LHV 

EHV 

WIV-FN 

CO 

50.0 

61.1 

60 

16 

38 

39 

>‘2 

37.5 

26.8 

60 

16 

38 

39 

0)2 

10.7 

6.8 

20 

8 

19 

20 

N2 

1,5 

0.7 

0 

60 

0 

0 

•^3"8 

™ 

" 

0 

0 

6 

0 

N«3 

— 

— 

0 

0 

0 

0.7 

Cl). 

0.3 

6.6 

0 

0 

0 

0 

Higher 

Hydrocarbons 


0.2 

0 

0 

0 

0 

Lowe r 

Heating Value 

(Btu/aef) 

266 

328 

238 

95 

322 

238 
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of c«rbon monoxide, oxygen, cxrbon dioxide, 
unburned hydrocxrbone, and oxide* of nitrogen. K 
water-cootod awoke probe waa doBlgnod In accord- 
ance with apeclflcatlon S^E ARP1I79. The 
probe, which had a aamplo inlet dianate. of 1.9 
me, was aiaed to iaokinctically aamplo the gaa 
atream at the baaeload condition. 

Three PT6RH/PT30RH theimocouploa and vented 
radiation ahielda were mounted on a water-cooled 
itrut. The material used fur the exposed portiona 
of the thermocouple ahenth and the radiation 
shield waa a platinum alloy which provided 
a aignificant temperature safety margin (maximunt 
operating temperature of 1867*K), 
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Pig. 6 Exit plane insCrumeritation (viewed diwnstream) 


DATA ACQUISITION AND REDUCTION 

Teat data were recorded by means of an 
automatic data acquisition system which recorded 
the information on magnetic tape for subaequent 
computer processing, Performance paraaieter 
definitions were those conventionally used. The 
concentration of exhaust species was corrected to 
reflect s standardised gas stream containing IS 
percent oxygen according to: 

(Corrected concentration “ measured concentration 
* K15) 


KIS •* 0.2Q96 -0.1 5 
0.2096 - X02 

The heat flux, representing both convective and 
radiative contributions to the primary combustor 
coolant waa calculated from the temperature rise 
of the coolant. 


TEST CONDITIONS 

Testa were porforuwd over the matrix of 
conditions indicated in Table 11. Ttie general 
intent was to eatablish emissions and heat load 
characteristics for each teat fuel to determine 
the effect of coRtbuatlng coal-derived gnseoua 
fuels in a staged burner. The conditions included 
design-point conditions (Conditions I, 2 3) 
representing burner operation at peak, baaeload, 
and 50-percent power levels for a typical indus- 
trial gas burner. The fourth condition was 
reduced-pressure scaling of the peak-power design 
point (Peak-Low P) j both projaure and airflow 
were reduced to maintain constant combustor 
residence lime. This condition also served as 
the basis for two additional tests (Conditions 5, 
6) to doloimine the effect of changing the 
primary combustor equivalence ratio (ib.,) on the 
combustor omissions. Together, those throe tests 
wore referred to as a signature series, and wore 
generally porfornwd by holding the total airflow 
ami tl»e split of airflow between the primary and 
secondary combustors constant while varying the 
fuel flow. This approach permitted changes in 
ibp while keeping the primary combustor residence 
time constant. This technique is the desired one 
to deiemine the effeeiivoness of the primary 
combustor to ininimiBo production of NOj^ by 
either conversion of fuel nitrogen to NOj^ or 
formation of N0,j because of locally near 
stoichiometric fuel-air ratios. With this 
approach the overall fuel-air ratio |(f/a) ovl, 
and hence the secondary temperature, varied .as 
ibp was changed. Boc.iuse of the variation of 
loan combustion temperature love Us associated 
with this mode of testing, the results should bo 
used only to judge the NQ^ behavior, not the CO 
emission bohsvior, of the comlnislor. These six 
tests were performed for all leal fuels and are 
referred to as the basic test conditions. Some 
of the preliminary tost results indicated that GO 
control, not NQj^ control, was the greater 
challenge. In order to assess the influence of 
(fp on CO omission levels for a constant (f/a)ov, 
a different signature test was performed. 

In these tests, the total airflow and the fuel 
flow were held constant, but the airflow split 
between the two coinbuslion chambers was varied to 
attain >bp changes. In this approach the 
primary con\bustor residence lin» and the quench 
anno s\ixing process changed because of differing 
primary and secondary airflow rates. 

RESULTS 

Common COTib ust ion Characteristics 

There were two conwon characteristics for 
all combustion tests performed in this progrsm. 
First, no smoko emissions wore detected for any 
of the test fuels. Samples acquired according to 
ARP 1179 would bo evaluated as having an SAK 
smoko number of two or loss. 
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Socond, ttio test fuels IgnlCod easily and 
burned stably. Ignitability vas not rigorously 
evaluated as the torch ignitor system delivered 
energy levels in excess o£ that available from 
conventional spark devices. It was observed, 
however, that unlike the propane/nitrogon fuel 
mixture used during shakedown testing, the coal 
gas fuels ignited promptly at all of the test 
conditions. Stable combustion was always achieved. 

Test Results for Medium Heating Value (MHV) Fuel 

Tests were performed with the baseline HHV 
fuel to determine the emissions and heat load 
characteristics. Teats were performed under six 
basic tost conditions (Table 11), and at addition- 
al conditions selected to provide information 
on the influence on performance and emissions of 
injector pressure drop and higher combustor exit 
temperature. 

Tlic NO^ emissions corresponding to an 
exhaust with 15 percent oxygon obtained from 
testa at the basic six conditions are plotted in 
Figure 7. Ultra- low NOjj levels were attained 
for all conditions, with the highest being 
25 ppm at peak condition. 11>Q uncorrocted NO^j 
data revealed a square root dependence on combus- 
tor pressure, tdenticsl to the commonly accepted 
pressure dopendenee for thermally-produced NO^, 

No strong dependence of NOj^ on ibp was observed 
from the signature tost results although there 
was a alight decrease in NOj^ with increas- 
ing dip. The absence of a attong dopendenee 
coupled i/ith the low NOj^ levels observed and 
the previously noted thormal-NOj^ pressure 
dependence indicated that little NOj^ was 
discharged from the rich stage and exhaust levels 
resulted from production of in the quench 
and fuel-lean combustor sections. Tlierefore, 


further reduction would likely not result 
from rich-stage optimisation, but rather fro* 
quench and lean-combustor optimisation. 

The CO emissions wore 150 ppm at the peak 
test condition, increasing to 500 ppm at the SO 
percent power condition. This latter value would 
likely not bo acceptable for a practical install- 
ation as it reflects a 0.5 percent combustion 
inefficiency. An improved lean burner design 
(o.g., longer residence time, air staging to 
produce a higher temperature aecondary sone) 
could roduco the CO cmiasions levels. 



Fig. 7 NOx dependence on primary combustor 
oquivnlenee ratio for MHV fuel 


TABLE H. TEST CONDITIONS 


Condition 

Total 

Airflow 

kg/a 

Inlet 

Temperature 

*K 

Combustor 

Pressure 

MPa 

Exit 

Toroporaturo 

•k 


1. 

Peak 

1.36 

672 

1.37 

1356 

1.6 

2. 

Base load 

1.18 

644 

1.24 

1367 

1.6 

3. 

50 Percent 

0.73 

533 

0.69 

1367 

1.6 

4. 

Pk-Low P 

0.3A 

672 

0.34 

1367 

1.6 

5. 

Signature 

0.34 

672 

0.34 

Variable 

2.4 

6. 

Signature 

0.34 

672 

0.34 

Variable 

1.4 


♦Primary combustor equivalence ratio (<}>p) target values rre indicated. 
Actual test values depended upon omission characteristics determined from 
signature ten series. 
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ORIGIS'mi. FAC . 

OF POOR QUAUTY 


Tho overall heat load on the primary combus- 
tor wall waa dotormined from tho tomporaturo rise 
in the primary combustor coolant. An average 
heal flux of X 10^ J/m^a waa iranafcrrod 
to tho wall in the aignature toatS) indepen- 
dent of «{>p. Toata with liquid fuels (Ref. 1) 
have indicated a dependence on dip because of 
tho generation of carbon particles. Tho abaonco 
of smoko eraisaiona and this independence of heat 
load are mutually consistent foaturca expected 
when combusting coal gas fuel. Tho heat load 
nearly doubled for opetation at the peak condi- 
tion, becoming 8.2 x 10^ J/m^s, This is 
attributed both to an increased convective boat 
transfer because of higlier airflows, and increased 
radiative heat transfer due to the cmissivity 
increase associated with pressure elevation. 
Calculations indicate that the contribut lv>n 
from both processes approximately doubled. 


A signature tost series was porfonned to 
determine the influence of elevating the combustor 
exit teraporaturo to approximately 16AA*K on tho 
exhaust omissions. In this signature series, the 
overall fuel-air ratio was hold constant with 
tfip variation achieved by changing tho di 'ision 
of airflow between the primary and secondary 
combustors. Figure 8 depicts the corrected 
NOjj and CO levels attained for operation at 
exit testpovaturos of l6<iA’K and 1367*K. Ultra- 
low values of those species wore attained for tho 
1367*K temperature tost series. Tho N0,j 


FUEL MHV GAS (238 Blu/scI) 
SPECIE a NO„ 

O CO 


OPEN symbols - EXIT TEMPERATURE o 1370K 
CLOSED SYMBOLS — EXIT TEMPERATURE ° 1650K 



Fig. 8 Comparison ot exhaust omissivins for operation 
at exit temperatures of 1370K and IbSOK 


increased as <f>j, approached unity suggesting 
that some thermal fixation of nitrogen was 
occurring in tho rich con>hustor. Tests at the 
elevated lomperaluro resulted in increased levels 
for both NO^ and CO. WVion annlyEod, this result 
implied that tho combustor fluid mechanics have 
boon significantly altered. Despite tho higher 
lean-burner temperature, and consequently accel- 
erated GO consumption rates, higbor CO levels 
were recorded. Therefore, tho level of CO 
entering tho loan burner must h.ive been higher 
than experienced for tho 1367*K ten'poraturo tests 
and/or tho CO and secondary air must not have 
boon well mixed in tho quench section. It waa 
likely that both of those influences existed. To 
achieve tho higher exit temperature, the fuel 
flow was increased by spproximalcly 50 povconl. 
Additionally, to achieve tho same <b|,, tho 
primary airflow was increased by a similar 
percentage resulting in more than twice tho mass 
flow through the rich burner for the elevated 
temporaiuvo condition. The reduced residence 
time at this combustor loading could curtail 
oxidation of tho CO, vosoUing in excessive CO 
levels exiling the rich combustor. This concept 
is supported by the observation of a decreasing 
CO level as approached unity. Tlie mixing 
processes occurring in the quench section wore 
also degradeu. The higher primary airflow 
resulted not .'oly in a greater rich combustor 
effluent but aloo in a reduced quench airflow. 

The percentage penetration of tho air jets 
emanating from the quench slots would bo decreased 
and tho mixing with the primary combustor gases 
would he less vigorous. Hence, so«te portions of 
the gas sireism may have been deficient in oxidisor 
while others were over- otldiEcd (an ovor-coolcd 
by tho quench air). The observed HOj. levels 
support this characteriaat ion, Tl>e substantial 
increase for tho high exit temperature 
tests reflected a sluggish transition from 
fuel-rich to fuel-lean conditions, permitting 
additional formation of thenaal NOjj, It is 
apparent from these results that nchiovoment of 
lower NOjj and CO emissions at the higher 
combustor exit temperature wiruld require re-design 
of the cv.mbustor to opliraiae the rich zone 
residence lime and peneiialion of secondary air 
in the quench cone. 

Comparison of Test Results for Medium Heating 
Value - Fuel Nitrogen (HllV-FN) And MHV Fuels 
Tho NOj^ levels obtained for both the MHV 
and MHV-FN fuel are presented for comparison in 
Figure 9. Hie MHV fuel did not contain ammonia; 
the MHV-FN contained 0.7 percent (vol) NH^ to 
achieve a fuel nitrogen content of 0.5 percent 
(wi). Substantially higher emissions were 
attained with tho MHV-FN fuel reflecting conver- 
sion of the added ammonia to NOj^, although 
NOjj emissions well below the EPA limit can 
still b'- readily achieved. Tho increase in NOj^ 
does not reflect a high absolute value of conver- 
sion rate, however. Tliai is, because of the 
relatively low heating value of tho fuel (i.e., 
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Pig, '7 Pfiov'to v'f NUj addition on NO), signature 

approximately 25 percent of the heating value of 
natural gna) relatively large values of fuel-air 
ratio were required to reach the desired exit 
temperature. Ttie quantity of aw jnia added 
represented a potential NOj^ increase of between 
650-1000 ppm if it were fully converted, whereas 
actual increases ranged between 25-80 ppm. At 
low-rich-sono equivalence ratios whore CO emission 
levels are acceptable, a NHj conversion level 
of loss than 5 percent was measured. 

COMPARISON OF TEST RKSUhTS FOR KNHANCSD HEATING 
VALUE tEllV) AND MllV FUELS 

A metered quantity of propane was added to 
the MHV Fuel to produce BHV fuel simulating a 
hydrocarbon containing a product gas heating 
value representative of a moving-bed gasifier 
such as a LURCI coal gasifier. Tl>e EHV fuel 
mixture contained approximately 4 percent (vol) 
propane, a quantity sufficient to raise the 
heating value from 227 to 308 kJ/mol but not 
enough to result in any unburnod hydrocarbon or 
amitke exhaust emission. 

The NOjj levels attained using the BHV fuel 
are compared to the MHV fuel results in Figure 



PRIMARY COMBUSTOR EQUIVALENCE RATIO — 

Fig. 10 Comparison of KOx signature for lOlV and 
EHV fuels 

10. Very little change was avidontj ultra-low 
NOjj levels were again attained. The NOx 
omissions wore slightly higher at all conditions 
than achieved for the MHV fuel because of slightly 
higher flsme temperatures associated with the 
heating value enhancement. 

The carbon monoxide emissions and the 
combustor heat load were also slightly higher 
than achieved for the MHV fuel. CO emissions 
reached 250 ppm and 680 ppm at the peak and 50 
percent power test conditions, respectively. 

This result was contrary to expectation, as 
higher rich-combustor temperatures would bo 
expected for the EHV fuel and the mixing processes 
wvtuld not be altered, since it was not required 
to make large changes in the primary/quench 
airflow split. It is noted that the reported CO 
value for the 50 percent condition was obtained 
at d<p •• 1.7, higher than the corresponding 
value in the MHV teat data. Hence somewhat 
higher CO would be expected for this condition. 

The heat load increased approximately 10 percent, 
reaching 9.1 x 10^ J/m^s at the peak condition, 
reflecting the increased combustion temperatures. 

Comparison of Teat Results for Low Heating Value 
(LHV) and MHV Fuels 

A low heating value (LHV) fuel was produced 
on-line by mixing approximately 40 percent (vol) 
MHV fuel with 60 percent (vol) nitrogen. Tho low 
heating value of this mixture required fuel 
flowrates quadruple the MHV fuel flowrates 
to achieve the same combustor exit temperature. 

This factor is greater chan the ratio of fuel 
heating values because the additional fuel flow 
represents a significant mass addition which also 
must bo heated. 
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OF POOR QUALITY 


Ultrit-low valuoa w«tc achiovcd for all 
iiitta u«lng LUV fudl; no roatling groacer than *) 

PPM was obsorvea. Tliis characioriatic waa 
aUributod to th« fuel coopoaition. Even when 
reacted in sloichiocsetric proportions, the 
fuel could only produce a 1200*K tewporaluro rise 
because the nitrogen, acting aa a diluent, 
absorbed soi&e portion of the energy released 
during reaction. Hence, it prohibited the 
existence of high tenperature regions necessarv 
for significant formation. 

The fuel characteristics also contributed to 
the presence of high levels of CO in the coiabuator 
exhaust. The exhaust CO concentration depends 
upon the level ot CO entering the loan burner and 
the rate of CO consumption within the lean 
burner. The high fuel flowrates, and associated 
higher pvitaary airf.ow rate, resulted in rich- 
combustor residence times sTorter than oxporionced 
for MHV fuel, with the gases at lower tempera- 
tures. Hence, it would be expected that higher 
GO concentrations would exist at the rich combus- 
tor exit. Additionally, as with the MHV fuel 
tests at elevated exit temperatures, the increase.^ 
primary airflow degraded the quench soctivin 
effectiveness. Thus, while rapid CO burnup might 
have been possible, incomplete mixing would limit 
the efficiency. These trends were supported by 
the data obtained. Initial tests with 
values near 1.6 resulted in CO concenlral ions 
exceeding 5000 ppm. Subsequent tests were 
performed at Uiwor in an attempt to raise 
the CO oxidation rates in the rich combustor. 
Figure 11 displays the CO levels for design point 
lost conditions with near unity. As can be 
soon, small changes in d' dramat ical ly affected 
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PRIMARV COMBUSTOR EQUIVALENCE RATIO - <t>p 

Fig. 11 tV emission dependence .'n primarv combustor 
equivalence ratio for IHV fuel 
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the CO level. fTirthensore, it %';«s indicated that 
minimal GO levels would be obtained ford*., k 1. 
That is, fuel-rich operation was undesirable for 
the MIV fuel because of the attendant CO levels, 

III limited additional tests, it was determined 
that a CO level down to 9 ppm could bo achieved 
at d>p “ 0.75. ITie combustor was stable at this 
condition, tmd because of the low flsmo tempera- 
tures the «0jj level was still only 8 ppm. 

The extreme sensitivity of CO level to 
prim.ary stage equivalence ratio is explained in 
large measure by the sensitivity of primary sona 
CO production to primary aone equivalence ratio. 

If reactions proceeded to completion, the 
equilibrtura levels of GO shown in Figure I'i would 
exist at the primary aonc exit. As indicated, 
equilibrium CO levels for UIV fuel drop by throe 
orders of magnitude as the primary sono equiva- 
lence ratio is changed from a value of 1.2 
to 0.8. Ttie levels of CO measured are close to 
the theoretical equilibrium levels which indicates 
that for LHV fuel moat of the chemical reaction 
Occurs in the primary cone, and little reaction 
in the lean aono. 



EQUIVALENCE RATIO 

Fig. 12 FquiUbrinw l\T levels for MHV mid LHV fuels 


IXINCLUSIONS 

The objective of this study was to evaluate 
the performance and emission characteristics of s 
rich-lean staged combustor fired on coal gas 
fuel. Tests were performed using four teat fuels 
including three chemically bound nitrogen- 
free fuels with heating values oi 8A, 210, 28A 
kj/mol (95, 238, 322 HlUj^scf, roapoctivoly) and a 




210 kJ/mol (2SB Otu/scf) fuol doped with ^ 1 
percent (vol) anwonia. The teat resulta fi.nalt 
the following concluaions to be drawn: 

1. Staged, rich-lean combuation repreaenta 
the dcairablc approach to achieve 
ultra-low NO^ and CO cmisaiona for 
coal gaa fuola with heating valuea of 
210 kJ/»ol (238 Dtu/sef) or higher. 

2. Lean combuetion repreaenta the deairable 
approach to achieve ultra-low NO^ and 

CO emiaaiona for coal gaa fuels with low 
heating valuoo (84 kJ/mol (95 Btu/acf)). 

3. Staged combuation haa the ability to 

limit NII3 to NO^ conversion rates to 
less than 5 percent. emissions 

bolcw the E'M limit can readily ho 
achieved, 
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